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I . SUMMARY 



Heat transfer to supercritical oxygen was experimentally measured 
in electncally heated tubes. Experimental data was obtained for pressures 
ranging from 17 to 34.5 MPa (2460 to 5000 psia), and heat fluxes from 2 x 
106 to 90 X 106 W/m2 (1.2 to 55 Btu/in. 2-sec) . Bulk temperatures ranged 
from 96 to 217 K (173 to 391 R). Experimental data obtained by other 
investigators were added to this to increase the range of pressure down to 
2 MPa (290 psia) and increase the range of bulk temperature up to 566 K 
(1019 R). From this compilation of experimental data the following corre- 
lation was developed: 



in which: 
Nu 


ref 

d 

k 


Nu 

P 

Pr 

Re 

p 


.0025 Pr^-'^ 

constant pressure specific heat 
integrated average specific heat from to Tjj 
inside tube diameter 
thermal conductivity 

length from start of heated tube to temperature 
measurement station 

Nusselt Number 

local static pressure 

Prandtl Number 

Reynolds Number 

density 


Subscripts: 

b = evaluated at bulk temperature 
cr * critical property 
w = evaluated at wall temperature 


Over 95% of the heat transfer measurements used to develop the 
correlation are predicted within + 30% by the above equation. 
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II. 


INTRODUCTION 


Recent proposals for a single-stage-to-orbit vehicle as a second 
generation space shuttle have created an interest in high pressure oxygen 
as a coolant for regenerative thrust chambers. This is because versions 
of the single-stage-to-orbit concept utilize engines burning two fuels 
(dense hydrocarbons, and hydrogen) fired sequentially in a single thrust 
chamber with oxygen as a common oxidizer (Ref. 1). In addition, recent 
studies have shown that cooling high pressure LOx/Hydrocarbon engines with 
hydrocarbon fuels is impractical because of the high velocities necessarv to 
prevent coking (Ref. 2). Using oxygen as the coolant avoids this problem 
and also results in a simpler system. The feasibility of such a concept 
depends on the capability of oxygen to provide sufficient cooling. 

Until recently, little information has been available on the heat 
transfer characteristics of high pressure oxygen. Powell obtained data 
at 7 MPa (1000 psia) which is far below the proposed engine operating 
pressures of 20 to 50 MPa (3000 to 7000 psia) (Ref. 3). 

More recently data were obtained in the range of 24 to 35 MPa 
(3500 to 5000 psia) in an Aerojet IR&D investigation by Rousar and Miller 
(Ref. 4). This investigation is a continuation of the work by Rousar and 
Miller. The range of conditions has been increased over the previous 
work and the number of heat transfer measurements has been tripled. During 
this investigation the heat transfer characteristics of supercritical oxygen 
were measured over the following range of conditions: 


Pressure 

Bulk Temperature 
Wall Temperature 
Heat Flux 

Reynold's Number 


17 to 34.5 MPa (2500 to 5000 psia) 

96 to 217 K (173 to 391 R) 

122 to 952 K (220 to 1714 R) 

2 X 10^ to 90 X 10^ Watt/m^ (1.2 to 55 Btu/ 
in. 2-sec) 

1.5 X 10^ to 3.2 X 10® 
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III. EXPERIMENTAL APPARATUS 

A. HIGH PRESSURE HEAT TRANSFER LOOP \ 

All tests were conducted on Aerojet's 38 MPa (5500 psi) blowdown ; 

heat transfer loop shown schematically in Figure 1. The principal com- 
ponents of the loop were the 70 MPa (10,000 psi) nitrogen pressurization 
system, the oxygen feed system, the preheater, the test section apparatus, 
and the flow control valve. Electric power for the test section was provided 
by a 225 KW, 70 VDC power supply. The preheater was powered by tv/o 50 KW J 

15 VDC supplies. The power supplies were operated from a 480 volt, ; 

3-phase ac line source. 

The feed system consisted of a .2 m^ (50 gal), 38 MPa (5500 ,i 

psi) rated, type 321 stainless steel, jacketed pressure vessel (run tank) 
for oxygen storage and pressurization; a 70 MPa (10,000 psi) pressure- 
reducing regulator, a tank safety valve, and various other valves for 
filling, draining and venting; and an overpressure relief valve used in 
conjunction with a burst disc to protect the vessel from excess pressure. 

For the low inlet temperature tests the run tank jacket was filled with 

LN2. For all other tests the jacket was evacuated. , 

The preheater and test section apparatus are shown in Figure 2. ^ 

Both were enclosed in 12.7 mm (1/2 in.) thick aluminum boxes. The test { 

section enclosure was covered with an acrylic window and purged with dry , 

nitrogen to prevent frost buildup. This allowed the test section to be ' 

monitored continuously with a closed circuit television during the test. 

Electrical taps brazed to the preheater coil provided four parallel 

current paths. Insulation requirements were minimized by maintaining J 

the inlet and outlet at ground potential. The preheater was used only 

for the high inlet temperature tests. For all other tests the preheater 

was removed and the flowmeters installed in its enclosure, as shown in 

Figure 3. 

The test section was clamped into electrical connections that j 

were cantilever-mounted in the test section enclosure. The upper connection ■ 

was supported with flexures to permit axial movement of the hoated test 
section tube due to thermal expansion. To insure free axial movement a 
tension force of 150 N (35 Ibf) was applied to the outlet end of the test 
section. The inlet of the test section was maintained at ground polarity f 

and the outlet mixer incorporated electrical insulation which isolated 
the test section from downstream plumbing. ' 

Flow control was accomplished using a 12.7 mm (1/2 in.) valve, 
operated by an electric motor actuator. After flowing through the flow 
control valve the oxygen was vented to atmosphere. 
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Figure 1. Supercritical Oxygen Heat Transfer Test Schemati 






















Ill, Expei-''r.cntal Apparatus (cont.) 


B. TEST SECTIONS 

Test sections were fabricated from Monel K-500 and Inconel 625 
tubing with 3.18 and 4.76 mm (1/8 and 3/16 in.) OD and .38 tran (.015 in.) 
wall thickness. The dimensions and material of each test section are 
listed in Table I. 

The heated lengths of the test sections were formed b> silver 
brazing two pre-drilled cylindrical copper electrodes onto the tubing. 

These copper cylinders were f’tted into the copper bus-bar clamps mounted 
in the test section enclosure. Figure 4 shows an installed test section. 
Pressure taps, located upstream and downstream of the test section elec- 
trodes, were fabricated by positioning a modified Swagolok union with 
Teflon ferrules over a .79 mm (.031 in.) diameter drilled hole. Before 
installation the union was drilled through at a wrenching flat and a 
3.18 mm (1/8 in.) OD stainless steel tube was welded over the hole. 

C. INTRUMENTATION 

Each test section tube was instrumented with from eight to 
ten chromel alumel thermocouples for measuring outer wall temperature, and 
two voltage taps. The thermocouples were fabricated from 40 gauge (.08 mm 
dia) premium grade ch'"omel and alumel wire and were installed in pairs 
(180° apart) at even increments of )i/d along the tube axis. The thermo- 
couples were installed as shown in Figure 5. The junctions were formed by 
welding the two thermocouple wires together in a loop around the test 
section. The junction was then pulled up against the tube with a leaf 
spring. To prevent voltage from the tube interfering with the thermo- 
couple readings, the thermocouples were electrically insulated from the 
tube with a thin strip of mica. 

Because the thermocouples were not directly attached to the 
heated tube the measu» d temperature was somewhat lower than the actual 
wall temperature. To determine the magnitude of this difference a thermo- 
couple calibration test was conducted. For this calibration a special 
test section was fabricated with both 3.18 and 4.76 mm (1/8 and 3/16 in.,- 
diameter tubes as shown in Figure 6. Installed on each diameter were six 
electrically insulated thermocouples and two reference thermocouples which 
were welded directly to tne tube wall. Three of the insulated thermocouples 
were covered with a ceramic coating to minimize convective heat loss. 

The special test section was installed in the test section box 
as if it were an actual heat transfer test. The section was then heated 
with alternating electric current in 110 K (zOu R) steps and data were 
sampled with the laboratory analog to digital converter. The data were 
sampleo over a ten second period to average out any effects of the alter- 
nating current on the welded-on thermocouples. 
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TABLE I 


TEST SECTION DIMENSIONS 




Test NO. 

Tube OD 

Wall 

Mat'l 

UL 

l_ 



_C_ 

_D_ 

_E_ 


-102 

3.18 

0.38 

Monel K-500 

100.1 

150.9 

24.4 

72.7 

96.5 

120.5 

144.8 


-103 

4.76 

0.38 

Monel K-500 

143.4 

76.7 

20.1 

39.8 

50.1 

60.1 

70.4 


-105 

4.76 

0.38 

Monel K-500 

142.3 

76.8 

19.3 

39.9 

49.6 

59.6 

69.0 


-106 

4.76 

0.38 

Monel K-500 

142.1 

76.4 

19.9 

40.1 

49.9 

59.9 

70.1 

) 

-107 & -108 

3.18 

0.38 

Monel K-500 

101.6 

76.6 

23.9 

36.4 

47.9 

60.5 

72.8 


-109 

3.18 

0.38 

Monel K-500 

77.3 

51.6 

11.9 

24.0 

35.9 

47.4 

- 


-no 

3.18 

0.38 

Inconel 625 

78.1 

50.9 

11.5 

24.1 

35.9 

48.9 

- 


-111 

3.18 

0.38 

Inconel 625 

78.2 

51.0 

12.0 

24.7 

36.4 

49.5 

- 


-112 & -113 

3.18 

0.38 

Inconel 625 

78.0 

152.3 

48.5 

72.7 

96.6 

120.8 

145.3 


-114 

4.76 

0,38 

Monel K-500 

113.1 

51.9 

10.0 

20.3 

30.3 

40.4 

- 


-115 

4.76 

C.38 

Monel K-500 

112.2 

77.3 

20.0 

39.9 

50.1 

60.0 

70.0 


-116 

4.76 

0.38 

Monel K-500 

112.1 

102.4 

20.0 

40.3 

bO.l 

80.3 

100.1 


-117 

4.76 

0.38 

Monel K-500 

142.2 

89.3 

19.9 

39.6 

58.8 

69.0 

77.5 

i 

-118 

4.76 

0.38 

Monel K-500 

142.2 

254.0 

81.5 

119.5 

160.8 

201.5 

240.3 

1 

i 

All Dimensions in mm 
8 













Figure 4. Test Section Installation 
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NOTES: 


A Spring loaded, electrically 
Insulated thermocouple. 

A Spring loaded, electrically 
insulated thermocouple, with 
ceramic Insulation over 
junction. 

A Thermocouple welded to tube. 


4.76 mm OD TUBE 


A,. 

A^, 

A,. 

A.. 


3. la nm 00 TUBE 



Figure 6. Test Section for Thennocouple Calibration 




Ill, C, Instrumentation (cont.) 


The results did not indicate any significant difference varia- 
tions from side to side, top to bottom or for coated or uncoated thermo- 
couples. There was an indication that the ceramic coating caused some 
data scatter, therefore the ceramic coating was not used for the heat 
transfer tests. A significant difference between 3.18 inn (1/8 in.) 
tubes and 4.76 mm (3/16 in.) tubes was indicated. Temperature correc- 
tion eqiations were developed from the test results for both 3.18 and 
4.76 mrn (1/8 and 3/16 in.) dia tubes using the data for uncoated thermo- 
couples and a least squares curve fit routine. The test data and the 
calculated correction equation are shown in Figures 7 and 8. 

Additional instrumentation included current shunts for the 
test section and preheater power supplies, voltage taps on the test 
section positive and negative busses and at the center of test section, 
strain gauge pressure transducers connected to the test section inlet and 
outlet pressure taps and to each mixing section. 

Propellant mixing sections were positioned upstream and down- 
stream of the test section, and upstream of the flowmeters. One platinum 
resistance temperature transducer (RTT), and two immersion-type 1.6 mm 
(1/16 in.) OD copper constantan thermocouples were installed in each mixer. 
The test section inlet and outlet mixers also contained high frequency 
piezoelectric pressure transducers. 

The instrumentation system used for this investigation is 
calibrated traceable to the National Bureau of Standards. The expected 
measurement accuracy is as follows: 

Strain Gauge Pressure Transducer 
Piezoelectric Pressure Transducer 
Flowmeter 
Current 
Vol tage 

Resistance Temperature Transducer 

Copper-Constantan Thermocouple 
(Bulk Temp.) 

Chromel-Alumel Thermocouple 
(Wall Temp.) 


+ .06 MPa (10 psi ) 

+ .34 MPa (50 psi) 

+ .005 Kg/sec (.01 Ibm/sec) 
i 10 A 
+ .2 V 

+ .28 K (.5 R) 

+ 1.1 K (2 R) 

+ 2.8 (5 R) 


12 
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WALL TEMP = 1.054 (MEASURED TEMP.) - 8“K 



Figure 7. Wall Temperature Calibration for 
3.18 mm (1/8 in.) OD Tubes 
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THERMOCOUPLE READING 



0 ' ■ ■ ‘ I - i 

0 200 400 600 800 1000 1200 1400 

“K 

WALL TEMPERATURE 

0 500 1000 1500 2000 

1 1 I ^ 

°F 

Figure 8, Wall Temperature Calibration for 
4.76 mm (3/16 in.) OD Tubes 




IV. 


TEST PROCEDURE 


The following basic test procedure was used to conduct the heat 
transfer tests: 

a. Final instrumentation calibrations were obtained. 

b. The jacketed run tank was filled with liquid oxygen. 

c. The flow of liquid nitrogen through the cooling jacket of 
the LO 2 run line was initiated and left on throughout the test. 

d. The flow control valve was closed and the run valve and 
tank safety valve opened. 

e. The entire system was then pressurized to the desired pressure 
and data recorded on magnetic tape. 

f. The flow control valve position was adjusted until the desired 
inlet pressure and flow rate were obtained, and a second data point 
recorded. 


g. For the high inlet temperature te*^ts the preheater was adjusted 
to provide the desired inlet temperature and data were recorded. 

h. The initial test heat flux level was achieved by applying a 
predetermined DC voltage across the test section tube. 

i. When the test section had achieved thermal steady state, all 
pertinent data were recorded on magnetic tape. Test section wall tempera- 
tures were viewed on visual gauges to insure thermally steady conditions. 

j. The next predetermined voltage was then applied to the test 
section and steady state data were again recorded. Tank pressure and 
the flow control valve were adjusted prior to each data point to maintain 
desired inlet pressure and flow rate. 

k. Step j was repeated until the oxygen supply was depleted or 
until test section failure occurred. 
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V. DATA REDUCTION AND ANALYSIS 


All data were recorded on magnetic tape and processed after com- 
pletion of each test run. The data processing was done in several steps. 
The first step was to adjust the measured date based on calibration infor- 
mation. The second step was to calculate the Inner wall temperature using 
a SINDA heat transfer program (Ref. 5), and to calculate fluid prope.'ty 
parameters. The final step was to generate a heat transfer correlation 
using a multiple regression technique. 

In the first step the true wall temperatures were calculated using 
the equations described In Section III.C. of this report; the mass flow 
measurements were corrected for changes in fuid density based on 
measured temperature and pressure at the inlet to the flowmeters, and 
the pressures were corrected for inlet and outlet length. As shown in 
Table I the inlet and outlet pressure taps are located some distance 
from the actual heated portion of the tube. To account for this and also 
any differences in the inlet and outlet pressure transducers the pressure 
readings were adjusted as follows: as described in Section IV data were 
recorded with full pressure on the test section and no flow (nf). These 
data were used to adjust the outlet pressure reading equal to the Inlet 
pressure reading. Data were also recorded with fuli flow and no heat (nh). 
These data were used to determine the pressure drop in the tube. The true 
inlet and outlet pressure are then calculated as follows: 



The second step in data reduction is to calculate the inner wall 
temperature and fluid properties. The inner wall temperatures were cal- 
culated using the SINDA computer program. This computer program assumed 
the tube wall was divided into ten radial nodes. Using an iterative 
technique the inside wall temperature was determined from the electrical 
heat input, outside wall temperature, and the thermal conductivity of the 
tube wall as a function of temperature. 

After the inner wall temperatures were determined, the fluid property 
ratios and dimensionless parameters used in data correlation were calculated 



V, Data Reduction and Analysis (cont.) 


and punched on computer cards. A sample printout is shown in Table II. 
Oxygen properties used came from NBS subroutines for temperatures up to 
333 K (600 R). Above 333 K density and specific heat were obtained from 
Russian Data (Ref. 6). and conductivity and viscosity were interpolated 
from an Aerojet Publication on Cryogenic Properties by P. J. Petrozzi and 
P. H. Davidson. A tabulation of these properties is given in Appendix A. 

The final step in data analysis was the actual du«a correlation. 
This was accomplished with a multiple linear regression computer program 
which, using the method of least squares, calculated the coefficients to 
an equation of the following form: 

In Y = In A + B In + C In X2 + D In X3 + ... (4) 

Where Y is the dependent variable and Xi, X?» X3, etc. are the 
independent variables. A, B, C, D, etc. are calculated by the regression 
program. 






TABLE II 



1 of 3 



SINDA OUTPUT 




data MEOUCTIUN COMPUTFR 

program 





FUR 




tLECTRlCALLr HEATED TUBE 

TEST DATA 



****Aft*****A*^*A*****«*««******A*«********«r**************************** 


UVEHALL marametems 





tube material is 

KSOO monel 





Tube inside diameter* 

,|S750 

INCHES 

,40005-02 

meters 

_ 

Tube outside diameter* 

,187S0 

INCHES 

,47625-02 

meters 


number of test sections* 

5 


5 



number of OAT* points* 

2 


2 





data point 1 






***•***.********. **•**.*******•**•**•********•************************** 


Coolant flow rate* 

.b/700 

LB/SEC 

,30708 

kg/sec 


coolant mass FLUXs 

34.75 

LB/SO IN-SEC 24431 

KG/SQ M-SFC 


inlet mixer pressure* 

3353,0 

PSIA 

,23118F08 

PASCALS 


inlet pressure* 

3078,0 

PSIA 

•21222F08 

pascals 


outlet pressure* 

3023.0 

PSIA 

,20843a08 

pascals 


outlet mixer pressure* 

3008,0 

PSIA 

.20739f08 

pascals 


inlet temperature* 

-188. VO 

f 

-121,61 

c 


outlet temperature* 

•102,20 

F 

•74,556 

c 


inlet velocity* 

89,597 

FT/SEC 

27,309 

M/Stc 


outlet VELUCITY* 

133,21 

FT/SEC 

40,603 

M/Sf.c 


current* 

986.00 

AMPS 

986.00 

AMPS 


voltage drop* 

28,930 

volts 

28,930 

VULTS 

- 

heated length* 

10,000 

INCHES 

.25400 

MFTERS 

- 

energy balance* 

,19538-01 


,19538-01 



DATA POINT 2 

f J 6 -ooS’ 




CUOLANT flow RATE* 

.63500 

LB/SEC 

,26803 

KG/SEC 5 

COOLANT mass flux* 

32.59 

LB/SD TN.SEC 

22915 

KG/SO m.sec i 

INLET MIXER PRESSURE* 

3386,0 

PSIA 

,23346a08 

PASCALS 

INLET PRESSURE* 

3131.0 

PSIA 

,21587f08 

pascals 

outlet pressure* 

3085,0 

PSIA 

,21270fo8 

PASCALS 

outlet mixer pressure* 

3052,0 

PSIA 

,2l04iF08 

pascals 

INLET temperature* 

•169,10 

E 

-111,72 

C 

outlet temperature* 

•63,500 

F 

-53,056 

c 

INLET VELOCITY* 

89,339 

FT/SIC 

27,231 

M/SEC 

outlet VELOCITY* 

152.61 

FT/SEC 

46,516 

M/SEC 

CURRENT* 

1056,0 

AMPS 

1056,0 

AMPS 

VULTACE DROP* 

31,950 

VOl IS 

31.950 

VUL 1 S ■ 

meateo length* 

10,000 

INCHES 

.25400 

METERS * 

energy balance* 

, 24180-01 


,24180-01 
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TABLE II (cont.) 

TEST SF.CTIUN - LOCAL TFST PAHAMETtWS 


ST AXIAL POS TWU(TtST) 


OAIA PUINT 1 ^J6~ 

INNFR TMP 0/A(TEST) U/A(CALC) MT COEPF 


- 


(INCHES) 

(F) 

(F) 

(b/SI-SFC) (B/SI-SEC) (U/Sl-SEC 


1 


,302+03 

.152+03 

,547+01 

,547+01 

,176-01 


c 

.ttTO^Ol 

.34H03 

,106+03 

,547+01 

,547+01 

,160-01 


3 

, 633+01 

, 302+03 

,252+03 

,547+01 

,547+01 

,142-01 


4 

,704+01 

,404+03 

,265+03 

,547+01 

,547+01 

,142-01 


S 

,046+01 

,412+03 

,274+03 

,547+01 

,547+01 

,144-01 


SI AXIAL POS TWU(TPST) inner IMP 0/A(tEST) U/A(CALC) ht coeff 



(METERS) 

(C) 

(C) 

(W/sQ M) 

(W/SQ M) 

(W/SQ M-C) " 

1 

,fll5-01 

,150+03 

,667+0? 

,694+07 

,604+07 

,516+05 

2 

,110+00 

,172+03 

,909+02 

,604+07 

,804+07 

,470+05 

3 

,161+00 

.200+03 

,122+03 

,604+07 

,804+07 

,418+05 

4 

,202+00 

,207+03 

, 129+03 

,604+07 

,804+07 

,418+05 

5 

,240+00 

.211+03 

,134+03 

,804+07 

,894+07 

,423+05 i 


ST 

velocity 

PRESSURE 

BULK TMP 

L/ID 

VOLT DROP 

length of 


(FPS) 

(PSIA) 

(F) 


(VOLTS) 

(INCHES) 

1 

,903+02 

,306+04 

-.160+03 

.251+02 

,114+02 

,395+01 

2 

,105+03 

,305 + 04 

-,147+03 

,35o + o2 

,451 + 01 

,156+01 

3 

,112+03 

.304+04 

-.133+03 

,453+02 

,469 + 01 

,162+01 

4 

,121+03 

,305 + 04 

-.120+03 

,552+02 

.453+01 

,157+01 

5 

,150+03 

,305+04 

-, 1 07+03 

,635+02 

.376+01 

,130+01 

ST 

VFLOCITV 

PRESSURE 

BULK TMP 

L/IO 

VOLT DROP 

LENGTH OF 


(M/S) 

(PASCAL) 

(C) 


(VOLTS) 

(METERS) 

1 

,303+02 

,211+08 

-, lo7+03 

,251+02 

,114+02 

,100+00 

2 

,320+02 

,210+08 

-.995+02 

,35o+02 

,451+01 

.396-01 

3 

,342+02 

.210+08 

-, 918+02 

,453+02 

,469+01 

,411-01 

4 

,366+02 

,209+08 

-.842+02 

,552+02 

,453+01 

,398-01 

5 

.395+02 

,209+08 

-.771+02 

,635+02 

,376+01 

,330-01 

ST 

NUSSELT 

PRANOTL 

NU/PR*«,4 

reynulds 

Tl/TB 



(BULK) 

(BULK) 

(BULK) 

(BULK) 



1 

.251+04 

,162+01 

,208+04 

,138+07 

,204+01 


2 

.246+04 

,166+01 

.201+04 

,149+07 

,210+01 


5 

.236+04 

,166+01 

,192+04 

,162+07 

,218+01 


4 

. 253+04 

,16T+01 

.206+04 

,177+07 

.213+01 


S 

,271+04 

,164+01 

,223+04 

.191+07 

,206+01 


ST 

NUSSELT 

PWANUn 

NU/PR**,4 

REYNOLDS 

RE (G) 



(F ILM) 

(FILM) 

(FILM) 

(FILM) 



1 

,446+04 

, 116+01 

,421+04 

.124+07 

,269+07 


2 

,420+04 

.108+01 

,408+04 

.122+07 

,278+07 


3 

,384+04 

,999+00 

.384+04 

,120+07 

,285+07 


4 

,386+04 

.972+00 

,391+04 

,124+07 

,287+07 


5 

,392+04 

,949+00 

,400+04 

,130+07 

,288+07 
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ST 

NUSSELT 

PRANDTL 



(WALL) 

(WALL) 


1 

, 479+04 

.908+00 


2 

.442+04 

*915+00 


i 

.3B7+04 

.883+00 


a 

.386+04 

.877+00 


5 

.389+04 

.875+00 


ST 

NUSSELT 

PRANOTL 



(AVG) 

(AVG) 


1 

.401+04 

.123+01 


2 

.381+04 

.118+01 


i 

.352+04 

•112+01 


4 

.360+04 

•109^01 


b 

.370+04 

.107+01 

CAWflP.SI 

RH0B/8H0I 

MUB/MUI 

^Oi> 

1 

.557+01 

•207+01 

70^ 

2 

.345+01 

•189+01 

707 

3 

.360+01 

.171+01 

708 

4 

.344+01 

.157+01 

709 

5 

.525+01 

.105+01 


ST 

RHOF/RHOI 

MUF/MUI 


1 

.155+01 

.106+01 


2 

.151+01 

•101+01 


3 

.151+01 

.973+00 


4 

.149+01 

.965+00 


b 

.147+01 

.960+00 


TABLE II (cont.) 


NU/PR++.4 

RtYWOlOS 

RE(G) 

(WALL) 

(WALL) 


.498+04 

.851+06 

.286+07 

.458+04 

.816+06 

.281+07 

.406+04 

.770+06 

.278 + 07 

.407+04 

.805+06 

.277+07 

.411+04 

.851+06 

.277+07 

NU/PR++.4 

RfcVNOLDS 

RE(G) 

(AVG) 

(AVG) 


.369+04 

.125+07 

.236+07 

.357+04 

.126+07 

,248+07 

.337+04 

.126+07 

.258 + 07 

.348+04 

.131+07 

.264+07 

.360+04 

.137+07 

,268+07 

CONB/CUNl 

CPBAR/CPR 


.191+01 

.828+00 


.179+01 

.771+00 


.164+01 

.713+00 


.153+01 

,689+00 


.144+01 

,677+00 


CONF/CONI 

CPBAR/rPF 


.107+01 

.873+00 


.105+01 

.893+00 


.101+01 

.920+00 


.999400 

.935+00 


.993+00 

.951+00 
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VI. RESULTS AND DISCUSSION 
A. TESTING 

A total of 16 heat transfer tests were conducted resulting in 
over 450 individual measurements of heat transfer characteristics. A 
summary of test conditions is given in Table III. 

Because one of the principal goals of this investigation was 
to obtain data at high pressures and heat fluxes, several of the test sec- 
tions were heated to failure. One typical failure mode started with the 
development of a hot spot near the outlet end of the tube. The tube would 
yield at this point and the hot spot would migrate upstream and increase 
in intensity as the heat flux was increased. The hottest point on the 
tube appeared to be between the portion of the tube that had yielded and 
the portion that had not (the point where the diameter increased). Whtn 
ultimate failure occurred the hot spot would be somewhere near the 
center of the test section. Figures 9 chrough 12 show the condition of 
the tubes after completion of the testing. 

Wall temperature readings used in data correlation were obtained 
only from the portion of the test section that had not yielded. Although 
operating above the heat flux where yielding first occurred required 
eliminating some of the wall temperature readings, it allowed heat flux 
levels to be reached that would have been otherwise unobtainable. 

Because the monel tubes yielded at high temperatures, an 
alternate material. Inconel 625, which retains more of its strength at 
elevated temperatures, was substituted on tests -109 through -11.3. The 
Inconel, however, has a lower thermal conductivity than monel and therefore 
had a higher outside wall temperature for a given heat flux. The higher 
wall temperatures caused the wall thermocouples to fail which prevented 
the high strenyin properties of the material from being utilized. 

To insure rapid response, the wall tnermocouples were fabri • 
-aced from very small diameter wire. This small wire was very delicatr 
and the manner in which the thermocouples were installed (see Figure 5) 
put a tensile load on it. The wire was not strong enough to withstand 
this load at temperatures above 1000 K (1800 R), and one or more of the 
thermocouples would commonly fail during a test run. To insure that 
only accurate data was used to develop a heat transfer correlation, the 
wall temperature readings w. (‘e continuously recorded on an oscillograr’i. 
After each test run the oscillograph record was examined, and any thenno- 
couple that was not reading properly at any heat flux level would not be 
used in developing a correlation. 

In a similar investigation using supercritical hydrogen, 
Hendricks observed flow oscillations at certain operating conditions 
(see Ret. 7). To detect this phenomenon high frequency pressure trans- 
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Figure 11. Test Section Tubes, Post Test 
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VI, A, Testing (cont. ) 


ducers were installed in the inlet and outlet mixing sections. During this 
investigation no oscillations were observed except on the first test attempt 
when a fitting with a very small bore was inadvertently installed between 
the outlet of the test section and the outlet mixer. This resulted in 
choked flow and pressure fluctuations of 3.3 MPa (480 psi) peak to peak 
were observed at the outlet mixer. After the fitting was bored out to 
match the inside diameter of the heated tube, no flow oscillations were 
ever observed in any of the oxygen heat transfer tests. 

Figure 13 shows '’e range of pressure and heat flux for this 
investigation. T'^e maximum pressure was limited to 34.5 MPa (5000 psi a) 
by facility tankage pressure ratings. The maximum heat flux obtained was 
90 X 10”6 w/m^ (55 Btu/ in. 2-sec). 

B. DATA C0f''lELATI0N 

To develop a heat transfer correlation an equation of the 
following form was assumed: 


Nu 


where : 

Nu^gf = K Re^^ Pr^^' , or, = K Pr^^' (6) 

Using the multiple regression computer program described in 
Section V, 26 different correlations were developed before reaching the 
recommended one. The intermediate correlations are listed in Table IV, 
and the logic of moving from one to the next is shown schematically in 
Figure 14. 

Initially, correlations were generated for both bulk and film 
properties and for Reynold's Number exponents of 0.80 and 0.95 (the Prandtl 
number exponent was fixed at 0.4 in all cases). Using a Reynold's Number 
exponent of .8 results in a heat transfer equation which approaches the 
classical Dittus-Boltier correlation as the bulk temperature approaches 
the wall temperature. An exponent of .95 will result in an equation which 
approaches the correlation developed by Hines (Ref. 8). Of the above corre- 
lations the bulk property correlation with a Reynold's Number exponent of 
.95 best grouped t.ie data (Case 1). The factors (P/Prr)^ and (1 + ^) were 
then added to Equation (5) and the grouping of the data was further'^'" improved 
(Case 7). In Case 7, it was discovered that the factors (i^k/uw)'' and 
(Cp/Cpj^)'' had weak partial correlation coefficients. These factors were 
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HEAT TRANSFER CORRELATIONS 
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Figure 14. Correlation Development Logic 




VI, B, Data Correlation (cont.) 


removed from the equation and the equation shown in Figure 15 was generated 
(Case 21). With this equation 97.5% of the data obtained during this investi- 
gation fell within + 30% of the prediction. This is considerably better than 
the previous correlation which grouped only 85% of the previous data 
within this range (Ref. 4). Figure 16 shows the data from this investiga- 
tion plotted against the previous correlation. 

The data base was then expanded by adding Powell's low pressure 
data (Ref. 3) and some of the previous Aerojet data (Ref. 4). In the previous 
Aerojet IRAD investigation, the pressure measurements were not corrected for 
inlet and outlet length. This resulted in significant errors on two of the 
tests, where the fluid velocity was high. These two tests (HT-14-104 and 
HT-14-105) were, therefore, excluded from the data used to develop the heat 
transfer correlation. The correlation obtain (Figure 17) grouped over 95% of 
the data points within + 30% of the predicted value. It was found that the 
(Cp/Cpb)^ term was statTstically significant when the low pressure data were 
included, consequently this term was included for correlating the high and low 
pressure data together. The (yb/ww)^ term was again found to have a low corre- 
lation coefficient and, as a result, was not included. At this time, the 
Reynold's Number exponent was also investigated. Using Powell's data only, the 
best fit was obtained with a Reynold's number exponent of 0.93 (Case 25); using 
all the data the best fit occurred with a Reynold's number exponent of 1.03 
(Case 24). Other investigations with a variety of fluids have indicated that 
a Reynold's Number coefficient near unity might provide a more accurate heat 
transfer correlation than the value of .8 which is ronnally used (see Ref. 8 
through 10). A Reynold's Number exponent of unity was v:hosen for the final 
correlation because it provided a good fit to the data, and also because it 
simplified the correlation equation. The recommended correlation (Case 26 
with rounded exponents) is: 

-1/2 1/2 2/3 -1/5 

m - .0025 Re, pr, '' (^) (g_ ) ( P ) „ . ? , ,7, 

w w ^b cr 

Ihe test data is plotted against this correlation in Figure 18. Although 
this correlation has been simplified by expressing the exponents as simple 
fractions, it still predicts over 95% of the test data within + 30%. Table 
V lists the lange of variables used to develop Equation 7. 

The heat transfer trends predicted by the recommended correlation 
are shown graphics’ ly in Figure 19. As can be seen from this figure, for 
a fixed wall temperatuie, near the critical temperature and the critical 
prossure the heat transfer coefficient is a local minimum but at higher 
pressures the coefficient is a local maximum. Powell's data indicates this 
genural trend although there is considerable data scatter near the critical 
temperature (Figures 20 and 21). This may indicate that near the critical 
point the heat transfer coefficient is changing rapidly and is difficult 
to accurately measure. At higher pressures (Figures 22 through 25) the 
data is more tightly grouped. 
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Figure 17. Modified Hines Correlation for Data from 
Various Souces (Case 22 ) 
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TABLE V 


RANGE OF VARIABLES 


34.56 (5013) 
566 (1019) 

1000 (1800) 
5.59 (.320) 


3.32 X 10” 

90.0 X 10® (55) 
122.8 X 10^ (25.2 x 10^ 


1.75 (254) 
96 (124) 
122 ( 220 ) 
2.41 (.095) 


.15 x 10^ 


MPa (psia) 
Deg K (°R) 
Deg K (°R) 


Watt/mi: 


.3 x 10 (.2) (Btu/in.2sec) 

2.1 X 10^ (430) Kn/sec/m^ 
(Ibm/ft^sec) 


I I .1 


1 k I 


I- i i 






Kg/s 





Kg/S 
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275 - Tw - 325 "K 



Figure 22. Trends, P '■ 22.5 MPa (3250 psia), Tw v 300K (540R) 
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Figure 25. Trends, P 32.5 MPa (4700 psia), Tw ;v 600K (1080R) 
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VI, B, Data Correlation (cont.) 


Since test hardware may have been designed using the correlation 
recommended in Reference 4, a comparison of the new correlation (Equation 7) 
and the old one was made (Figure 26). The two correlations are virtually 
the same at 6.9 MPa (1000 psia), but differ at higher pressures. At 20.7 
MPa (3000 psia) and a bulk temperature of 200 K (360 R), the new correlation 
predicts a heat transfer coefficient 27% lower than the Reference 4 correla- 
tion, at 34.5 MPa (5000 psia); Equation (7) predicts a coefficient 17% higher. 
This is within the + 30% accuracy estimate for the correlations. The pre- 
dicted trends in heat transfer coefficient as bulk temperature is reduced 
are different for the two correlations, however. The new correlation pre- 
dicts a ri;pid drop in the heat transfer coefficient below 100 K (180 R), 
while the old correlation predicts a rise. Insufficient data is available 
in this region to determine the proper trend, and more testing is required. 

Figure 27 shows the variation in heat transfer coefficient with 
pressure. As the pressure is increased, the heat transfer coefficient 
appears to be approaching a constant, for a constant wall temperature, and 
bulk temperatures removed from the critical temperature. On this basis, 
some extrapolation to higher pressures may be jusitifed. 

Recently, heat transfer to nitrogen has been measured by R. C. 
Hendricks at NASA's Lewis Research Center (Ref. 11). Henricks suggested 
various parameters which might be used to correlate his nitrogen data with 
the oxygen data obtained by Powell (Ref. 3), and the Aerojet IR&D data 
(Ref. 4). To determine if Equation 7 could be used to predict heat transfer 
to nitrogen as well as oxygen, Henrick's nitrogen data were plotted against 
the correlation in Figure 28. The nitrogen data fell about 40% lower than 
the oxygen data. That is, the actual heat transfer coefficient for nitrogen 
is 40% lower than Equation 7 predicts. It may be possible to develop a 
generalized heat ti'ansfer correlation with the methods used to generate 
Equation 7. The viscosity term which was not significant when correlating 
oxygen data alone may be necessary when correlating data from other fluids. 
Other terms such as those suggested by Hendricks may also be required. 

Nitrogen data from other sources (Ref. 12 and 13), as well as data for other 
fluids, should be examined along with the oxygen data and Hendrick's nitrogen 
data, with a goal of developing a generalized heat transfer correlation. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

Heat transfer to supercritical oxygen was experimentally measured 
in electrically heated tubes. The experimental data obtained during this 
investigation was combined with data obtained by others and used to 
develop a heat transfer correlation for supercritical pressures, and 
temperatures above 100 K (180 R). The results of this investigation 
indicate the following: 

1. Supercritical oxygen heat transfer data can be correlated 
with an equation of the following form: 

"“b ' "“ref <k;> 


We recommend 

the 

following equation 



^ -1/2 . 1/2 2/3 -1/5 

NUj^ 


"“reffj,') "f. 

in which: 



f^'^ref 

= 

.0025 Re^jPrjj’^ 

Cp 

= 

constant pressure specific heat 

Cp 


integrated average specific heat from T^^ to Tj^ 

d 

= 

inside tube diameter 

Jt 


length from start of heated tube to temperature 
measurement station 

Nu 

= 

Nusselt Number 

P 

= 

local static pressure 

Pr 

= 

Prandtl Number 

Re 

= 

Reynolds Number 

p 

= 

density 


= 

heat flux 

Subscripts: 



b 

= 

evaluated at bulk temperature 

cr 

= 

critical property 

w 

= 

evaluated at wall temperature 
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VII, Conclusions and Recoiiinonda lions (coni.) 


The recommended correlation applies for the followinq range of conditions; 

P = 5.04 to 35 MPa (730 to 5000 psia) 

- 100 to 500 K (100 to 900 R) 

= 125 to 1000 K (225 to 1«00 R) 

1. = .3 X 10^' to 90 X 10^ w/in^ (.2 to 55 Btu/in.^-sec) 

v/d = 4 to 200 

2. Heat transfer to supercritical oxygen can be more accurately 
predicted with bulk properties than with film properties. 

3. A Reynold's Number exponent of unity in the above equation 
provides a better fit to the experimental data than does an exponent of 
.8 which is normally used in correlation equations. 

4. More tests at temperatures below 100 K (180 R) are required, 
as the recommended correlation predicts a rapid dro|> in lieat transfer 
coefficient below 100 K, and there is insufficient data in this range 

to substantiate this prediction. 

5. Additional tests at pressures above 34.5 MPa (5000 psi) are 
necessary to meet the requirements of proposed high pressure rocket 
engines (Ref. 2). 

G. Further investig<ttion of nitrogen data, and data .or other 
sopercritical fluids, should be done with a goal of Developing a general- 
ized correlation. 
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APPENDIX A 
PROPERTIES OF OXYGEN 

I 







1 


The properties of oxygen used in data reduction are listed in 
Table VI. Below 353 K (600 R) the properties were calculated using NBS 
subroutines. Above 333 K (600 R) density, specific heat, and enthalpy 
were obtained from Russian Data (Ref. 6), conductivity and viscosity 
were interpolated from an Aerojet publication on cryogenic properties by 
P. 0 . Petrozzi and P. H. Davidson. 
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TABLE VI 

PROPERTIES OF OXYGEN 


THERMAL 

TLMPEf<ATMwf P«rsSU.fc DENSITY FN.TmaLPV CP C^^OUCTIVITY ViSCUSITy 


K 


M PA 

LP 

L8 


HTIJ 

_J 

STL 

I 

HTU 

1 H 

KG 




SO IM 

C PT 

CL 

1 H 

KG 

LB* H 

kG'K 

f i«S*( 

M. K 

8T. S 

M • S 








t*3 




£•6 

E + 6 

£♦6 

10 0, 

1«0, 

s.oo 

7?S. 

6 ft . S 

S. 46 

• «9, 

,-H9, 

.91 

1,70 

295, 

1 ,6a 

1 08, 

1 b 0 . 

1 ?0 , 

^ 1 o , 

S.OO 

72S. 

62.0 

9. A? 

-39, 

-79. 

.93 

1.82 

239, 

1 ,a9 

69. 

* ^ • 

1 Oi. 

1 'J 0 , 


S.on 

7?S. 

52.7 

a. 1 0 

•17. 

-36. 

.5S 

2,32 

1 79, 

1 • 1 1 

Mr, 

50 . 

74. 

1 hO , 

p«H, 

s.^o 

72S. 

12. ') 

1 .00 

3H. 

88, 

,73 

3.09 

o9. 

• ^3 

1 a . 

?l . 

1 «(', 

5Pil. 

b.on 

72S. 

A. 7 

.68 

55. 

127, 

.56 

1,50 

55, 

• 3^ 

* • 

13. 

?o. 

t?O0 , 

S60 , 

S.oo 

72S. 

7.1 

.55 

66. 

159. 

.50 

1,29 

59, 

.3^ 

1 

?o . 


^9b, 

s.oo 

72S. 

8.1 

.4lfl 

76. 

178, 

,27 

1.13 

55, 

f3a 

* ' • 

?o. 

«»U0, 

“52. 

s.oo 

7?S. 

s.« 

.92 

86. 

2nn . 

.26 

1,07 

56, 

#35 

* • 

1 a . 

»-r f 

?1 . 

^hf), 

'4 68 , 

S.oo 

72S. 

44.9 

.3H 

°5. 

221, 

.2S 

1,09 

58, 

• 36 

15 . 


c* P 0 , 

soa. 

s.oo 

72S. 

“.S 

.35 

109, 

291, 

,29 

1.0 1 

bO, 

#36 

* "^ • 
15. 

?3. 

50 n , 

sao , 

s.oo 

72S. 

“.I 

.32 

112. 

261 , 

.29 

1,00 


#39 

* *' • 
16. 

?4. 

5?0, 

b^b. 

s.oo 

72S. 

5.8 

.30 

121. 

281 , 

.29 

,99 


#41 

17. 

25. 

iuo. 

61P, 

5,00 

72S. 

4.8 

.28 

126. 

296, 

,29 

.99 

70, 

,aa 

1 ft . 

?6 . 

5^0, 

tjOH , 

s.oo 

72S. 

i.« 

.26 

137. 

318, 

.23 

,9ft 

73, 


18. 

?7. 

5«o , 

feM'4 , 

S, on 

7?S. 

4.2 

.25 

195. 

338, 

,23 

,9ft 

76, 

• <i7 

* ' • 

1 9 . 

26 . 

<if»o , 

720 , 

S.OO 

7??>. 

3.0 

.23 

1S9, 

3S6, 

.23 

.98 

78. 


* • 

19 

29 . 

«?o. 

7bb , 

s.oo 

72S. 

2.« 

.22 

162, 

376, 

.23 

,98 

80, 

w ^ 

• 50 

* • 

30. 


7‘>2, 

s.oo 


2.7 

.21 

171. 

398. 

,23 

.98 

83, 

• 5? 

?o. 

30 . 

<*^0, 

H28 , 

S.OO 

72S. 

2.6 

.20 

179. 

917. 

.29 

,99 

86. 

• 53 


31 . 

a«o , 
soo. 

M6U , 
■70 0 , 

S. on 

S.oo 

72S. 

72S. 

2.S 

2.9 

.19 

.18 

1 PA . 
1»7, 

937, 

“57. 

.29 

,29 

.99 

1,00 

Hft, 

‘’I . 

• 55 

• 57 

* • 

21. 

22 

32, 

33 

b?0, 

b'io. 

‘’56. 

07p. 

S.OO 

s.oo 

7?S. 

726. 

2.5 

2.2 

.la 

.17 

20S, 

219. 

978, 

996. 

.29 

,29 

1.00 
1 .01 

‘’3. 

95, 

,S« 
• 59 

c. c , 

23. 

33. 

^9 . 

TfcO , 

1 oOrt, 

s.oo 

52‘i. 

2.1 

.17 

223. 

518. 

.29 

1,01 

98, 

• 8! 

?a. 

35. 


1 0““, 

s.oo 

72b. 

2.1 

.16 

2.3-. 

539. 

.29 

1 , u2 

100, 

• 6? 

?a. 

36. 

#»0 0 , 

1 0 « 0 , 

s.oo 

'2S. 

2.0 

.15 

290, 

559. 

.29 

1.02 

1 0?, 

• ha 

?5. 

5b . 

o?n. 

1116. 

11'’?. 

S.OO 

S.OO 

7?S. 

72b. 

1 

1 

.15 

.19 

299. 

258. 

S80. 

600. 

.29 

.25 

1.02 

1,03 

105, 

107, 

• 65 
,67 

25, 

25. 

37. 

38. 

bhO, 

1 1A8, 

S.oo 

7?S. 

t.A 

.19 

267. 

621, 

.25 

1,05 

1 09, 

,66 

*• • 
?h . 

39. 

hW 0 , 

1?2“. 

S.OO 

72S. 

1.7 

.19 

276. 

692, 

.25 

1,09 

111, 

• 69 


39. 

7O0, 

1260, 

S.oo 

'2S. 

1.7 

.13 

2PS, 

663. 

.25 

1,09 

113, 

V ^ 

#71 

C w • 

?7. 

ao. 

7?o, 

^•10. 

1 ?P6, 
’552. 

S.OO 

S.OO 

7 2S. 
’2S. 

1.’ 

1.6 

.13 

.13 

269. 

303. 

6R9. 

70S. 

.25 

.25 

1,05 
1 , oS 

115. 

118. 

• 7? 

• 73 

27, 

28 . 

91. 

92 . 

7hO, 

1 56^, 

s.oo 

'2S. 

1.6 

.12 

312. 

726, 

,25 

1 ,H6 

120, 

• 7S 

?8. 

a2. 

7P 0 , 

1 a 0 0 . 

S.OO 

72S. 

i.s 

.12 

321. 

797, 

,25 

1 ,06 

122, 

.76 

?9. 

43. 

•^oo. 

HI <* 0 , 

S.OO 

72S. 

i.b 

.12 

330, 

768, 

.25 

1,06 



?9 

44 

f<?0. 

hi7<5. 

s.oo 

7 2S. 

l.b 

.11 

339. 

790, 

.25 

1,07 

f 

127, 

• f V 

• 79 

30 . 

44 . 

h 0 0 , 

1 S 1 2 . 

s.oo 

72S. 

1.9 

.11 

3«e, 

811 . 

,2b 

1,07 

129, 

• 61 

30. 

45. 

0 , 

1S“H. 

S.OO 

'2S. 

1.9 

.11 

356. 

853. 

.26 

1 .08 

13?, 

• 6? 

31 . 

40 . 


1 S*<I4. 

s.oo 

72S. 

1.3 

.19 

56 7. 

«S9, 

.26 

1 ,0H 

1 3'4 , 

• ^ ^ 
• 6a 

3 1 

47 

9o 0 , 

162'). 

S.OO 

7?b. 

1.3 

.10 

376, 

876, 

,2t> 

t , 08 

f 

1 36. 

• 

• 65 

J 1 9 

32 

4 7 . 

Opo, 

1 6*’6 . 

S.OO 

72S. 

1.4 

.10 

386. 

898, 

.26 

1 ,0ft 


.66 

3? 

48 

P/J 0 , 

1692. 

S . nr 

72S. 

1.3 

.10 

3°5. 

'»19. 

,26 

1,09 

' ■ f 

1 at , 

.88 

33 

MC , 
4Q 

'J*,n , 

1 7?H. 

S , '10 

7?S. 

1.2 

.10 

909, 

9ui . 

,26 

1 ,i'9 


• 69 

33. 

50 . 

Oh 0 , 

1 7 6 '4 . 

S.OO 

’2S. 

1.2 

.09 

919. 

963, 

.26 

1 ,09 

1 as. 

.90 

3 a 

S 1 

1 000, 

1 «oo , 

s.oo 

72S. 

1.2 

.09 

9?5. 

'<8S, 

.26 

1,09 

197. 

• 

.92 

35, 

51. 
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THERMAL 

Tt^*PFPATURE PRFSSURt DENSITY FNTHALPV CP C UMDUC T I V I T V ViSC'JSIT 


K 

R 

M PA 

LR 

LW 

G 

HTu 

_J 

pTlj 

J 

8TU 

(<• 

1 M 

Kf; 




so IKi 

r. FT 

CC 


K (» 

Lb^ 

KG** 

FT.S« 

mTT 

FT*S 

M • S 








fc-3 


F-S 



E + 6 

fcT6 

inn. 

180, 

10,00 

1050, 

69,6 

5.92 

• 08, 

■112, 

,oc 

1.67 

30?, 

1,88 

115. 

171, 

l?o. 

21P. 

10,00 

1 050. 

63.3 

0,95 

-33, 

• 7H, 

.92 

1 . 79 

250, 

1,56 

70. 

111. 

liiO. 

25^. 

10,00 

1 oso. 

55,6 

9.33 

-18, 

•0 1, 

.97 

1.97 

197. 

1.23 

55. 

81, 

160. 

288, 

10,00 

1U50. 

00.6 

3.97 

2. 

0. 

.65 

2.71 

105. 

.90 

39, 

59, 

l«o. 

32«. 

10.00 

1050. 

2b. 3 

2,00 

30, 

71. 

.79 

3,31 

103, 

.69 

23. 

35. 

2no, 

360. 

10.00 

1050, 

17.3 

1.39 

52, 

120, 

.95 

1 ,89 

70. 

.99 

19. 

28, 

2?0, 

39e, 

10,00 

1 050. 

13,7 

1.07 

66, 

153, 

.35 

1 ,96 

71. 

.95 

1«. 

26. 

2«n, 

^32. 

10,00 

1050. 

1 1 .6 

.91 

77, 

18C, 

.31 

1.26 

69, 

.93 

17, 

26, 

260, 

068 , 

10,00 

1 050. 

10,2 

,60 

88, 

205, 

.28 

1.18 

69. 

.93 

17, 

26. 

2«0, 

500, 

10,00 

1050, 

9,2 

.72 

Q8 

228, 

.27 

1.12 

70, 

.93 

1«. 

26, 

300, 

500, 

10,00 

1050. 

6,0 


107. 

250, 

.26 

1 ,08 

71, 

.00 

18, 

27p 

i?0. 

576, 

10,00 

1050, 

7.7 

.60 

116, 

271. 

,2^> 

1,05 

73. 

.05 

18. 

27. 

ittO. 

612. 

10,00 

1 050. 

7.2 

.56 

126. 

293, 

.25 

1,00 

70, 

.06 

19. 

28, 

360, 

608, 

10,00 

l«50. 

6,8 

.53 

135, 

310, 

.25 

l.'-3 

76. 

.07 

19, 

29, 

5R0, 

e8o. 

10,00 

Iu50, 

6,u 

.50 

100, 

350, 

.29 

1,02 

78. 

.99 

20. 

29, 

OOP, 

720, 

10,00 

1050. 

6,0 

.96 

1*^2. 

355. 

.29 

1.01 

80, 

.50 

20, 

30. 

«?C, 

75b, 

10.00 

1050, 

S7 

.99 

161 , 

375, 

,29 

1.0 1 

83. 

.52 

21. 

51. 

UOO, 

79,-;, 

10,00 

1050. 

S,o 

.92 

170, 

395, 

.29 

1,0 1 

85. 

.53 

21 , 

31. 

060, 

82b, 

10^00 

1050. 

5,1 

,90 

178, 

915. 

.29 

l,ul 

68. 

.55 

22. 

32. 

a«o. 

860, 

10,00 

1050. 

0,9 

.38 

187, 

036, 

.29 

1,01 

90. 

,56 

22, 

33. 

500, 

900, 

10,00 

1050, 

9.7 

,36 

106, 

056, 

.29 

1,0? 

93, 

.58 

23. 

39, 

5?0, 

936. 

10,00 

1 050. 

0,5 

.35 

205. 

076, 

.20 

1 ,02 

95, 

.59 

23, 

3**. 

500, 

972, 

10,00 

1050. 

0,0 

.39 

213, 

007 , 

.20 

1,02 

97. 

.61 

29, 

35, 

560, 

1 008, 

10,00 

1050, 

«.2 

.33 

222, 

517. 

.25 

l."3 

99. 

.62 

29, 

36. 

5fl0 , 

1 0««. 

10,00 

1050. 

0,0 

.31 

231. 

538, 

.25 

1,03 

lf'2. 

.63 

25. 

37. 

600. 

1 080, 

10,00 

1U50. 

3.9 

.30 

200. 

558, 

.25 

1,03 

too. 

.65 

25, 

37. 

6?0, 

1116, 

10,00 

1 050. 

3.8 

.29 

209 

579, 

.25 

1.00 

1 P6, 

,66 

26. 

38. 

600, 

1152, 

10,00 

1 050. 

3.7 

.28 

2*^8. 

600, 

.25 

1,00 

1 08, 

.67 

26. 

39. 

660, 

1 18«. 

10.00 

1 050. 

3.5 

.28 

267, 

621 , 

.25 

1 .05 

1 10, 

.69 

26, 

39, 

6R0, 

122«, 

10,00 

1050, 

3,9 

.27 

276, 

602, 

.25 

1 ,05 

112. 

.70 

27, 

90, 

7no, 

1 260, 

10,00 

1050, 

3.3 

.26 

285. 

662, 

.25 

1 ,05 

119, 

.71 

27, 

01, 

7?0, 

1296, 

10,00 

1050. 

3.2 

.25 

200. 

680 , 

.25 

1,06 

1 lb, 

.73 

28. 

9?, 

7oo, 

1 332. 

10.00 

1050. 

3.2 

.25 

3'>3. 

7 05 , 

.2*’ 

1.06 

119. 

.79 

2*. 

92, 

760, 

1 368. 

10,00 

1050. 

3.1 

.20 

312. 

7 26, 

.2^> 

1 ,06 

121, 

.75 

29, 

93. 

7R0, 

1004, 

10,00 

1 050. 

3.0 

.23 

321. 

707 , 

.25 

1,07 

123. 

.77 

2'». 

99. 

50C, 

1 000, 

10.00 

1050. 

2.9 

.23 

330. 

7h9, 

.26 

1,07 

125. 

,78 

30. 

00, 

«?o. 

1 07h, 

10,00 

1050. 

2.9 

.22 

339. 

760, 

.26 

1.07 

127, 

.79 

30, 

95. 

«oo. 

1512. 

10,00 

1050. 

2.8 

,22 

309, 

812 , 

.26 

1.08 

1 30, 

.81 

31. 

96. 

860, 

1508, 

1 0,00 

105'). 

2.^ 

.21 

358. 

833, 

.26 

1,08 

132, 

.62 

31. 

97. 

880, 

1580, 

10,00 

1050, 

2.7 

.21 

367. 

655, 

.26 

1,08 

130. 

,80 

32, 

97. 

900, 

1 6?0, 

1 (J , 0 0 

1050, 

2.8 

,20 

377. 

877, 

.26 

1,09 

137, 

,85 

32, 

08. 

9?l), 

1656, 

10. UO 

1050. 

2.5 

.20 

3*6, 

898, 

.26 

1,09 

139, 

.87 

35, 

09. 

900, 

1692, 

10,00 

1050, 

2.5 

.19 

395. 

920, 

,2o 

1 ,09 

191, 

,88 

33, 

50. 

960 , 

1728, 

10,00 

1050. 

2.9 

.19 

orS, 

902, 

.26 

1,09 

103, 

,89 

39, 

50. 

9B0, 

1760, 

10,00 

1 050. 

2.9 

.19 

<i 1 0 , 

960, 

.26 

1,10 

195, 

.90 

39, 

51, 

t 000, 

1 800 , 

10,00 

1U50. 

2.3 

.18 

023. 

98o, 

.26 

1,10 

197. 

,92 

35. 

52. 
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TABLE VI (cont.) 


THERMAL 

Tf MeeK4T(.'»<F PPFSSURf. DENSITY fnThaLPY CP CUWOUCTIVITV Vl$CO$ 




M PA 

LO 

L« 

1, 

U 

MTU 


HTU 

J 

MTU 

Ik 

LH 





S?4 IN 

f. FT 

Th 

Kt 

L8*R 

K6»K 

F T-S« 

M.K 

FT»S 

M»S . 








t*3 


rr 

f 



FT6 

t*6 

IftO, 

t^O, 

15,00 

217b. 

70,3 

5.87 

• 87, 

• 1 09 , 

.39 

1,95 

309, 

1.93 

122, 

182,- 

1?0, 

2H, 

15,00 

217b. 

6 4,8 

5.01 

•33, 

■76, 

,80 

1,99 

259, 

1,62 

80, 

116, 

HO, 


15,00 

2176. 

57.7 

8,89 

•17. 

•81 , 

.83 

1,82 

211, 

1.31 

58, 

87.; 

HO, 

?f»8. 

15,00 

2176. 

06,8 

3,85 

“1 • 

-2. 

.50 

2,08 

195, 

1,03 

86. 

98,; 

HO, 

3^0, 

15,00 

2176. 

38,9 

3.03 

1’. 

83. 

.58 

2.85 

130. 

.81 

38, 

51, > 

<?no. 

ibO, 

15,00 

2176. 

28.5 

2,22 

39. 

91, 

.53 

2.22 

105, 

.95 

29, 

38, 

i?o. 

308, 

15,00 

2176. 

22,0 

1.71 

59. 

ISO. 

.82 

1.75 

90. 

.56 

22. 

33. 

^un, 

«3?. 

15,00 

2176. 

18,3 

1,82 

70. 

U3. 

.35 

1.97 

88, 

.52 

21, 

31, 



15.00 

217b. 

15,8 

1.23 

'•2. 

190. 

.31 

1.32 

81. 

.50 

20. 

30, ; 

^PO, 

•iou. 

15,00 

2176. 

18,0 

1,09 

®3. 

216, 

.29 

1.22 

79. 

,50 

20, 

30, : 

ioo. 

SOO, 

15,00 

2176. 

12.7 

.99 

103. 

239, 

.28 

1,15 

60, 

.50 

20, 

30, ^ 

3?0, 

57b, 

15.00 

2176. 

11,6 

.50 

112. 

262. 

.29 

l.ll 

81. 

,50 

20, 

50, ^ 

3'iO, 

M2, 

15,00 

2176. 

10,0 

,68 

123. 

285, 

.26 

1,09 

81. 

.51 

21. 

31, 

ifeO, 

bO«, 

15,00 

21 7b. 

10,2 


132. 

307, 

.26 

l.OH 

«1 . 

.50 

21. 

31, 

5«0, 

b8a. 

15,00 

21 7b. 

•».5 

,78 

181. 

32», 

.^5 

1,06 

«3. 

.51 

21. 

32, ; 

ano. 

720, 

15.00 

2176. 

«,9 


HO. 

389, 

.25 

1,05 

88. 

.53 

22. 

32. ' 

o?o. 

7'^ft. 

15.00 

2176. 

H.8 

.66 

159. 

370. 

.25 

1,08 

«6, 

.58 

22. 

33, 

'4 n ') , 

702, 

15.00 

2176. 

8,0 

.92 

H8, 

391. 

.25 

1,08 

89, 

.55 

22. 

33, 

'HO, 

8 28 , 

15.00 

2176. 

7,6 

.56 

177. 

812. 

.25 

1,08 

91, 

.57 

23. 

i«. 

OMO, 

ObO , 

15,00 

21 7o. 

7.3 

.57 

186, 

«S2, 

.25 

1,08 

93. 

.58 

23. 

35, 

Soo , 

400, 

15.00 

2176. 

7.0 

,58 

195, 

853, 

.25 

1,08 

96. 

,60 

28. 

35, 

b?(). 

O.H. 

15,00 

21 76. 

6.7 

.52 

208, 

878, 

.^5 

1,08 

98, 

.91 

28. 

36, 

*>00, 

'H2, 

15,00 

2176. 

8.5 

.50 

212. 

898, 

.25 

1,08 

100, 

.92 

25, 

37. ; 

5#> ft , 

1 00b, 

15.00 

2176. 

6.2 

.89 

221. 

515. 

.25 

1,08 

102, 

.98 

25. 

37, 

*>P0, 

1 008, 

15,00 

2176. 

6,0 

.87 

230, 

536. 

.25 

1 ,05 

108, 

.95 

26. 

38, ' 

hOO, 

) 0^0, 

15,00 

2176. 

5,8 

.85 

239, 

557, 

.^5 

1,05 

. 06, 

,66 

29. 

39. 

fr?o. 

1 H8, 

15,00 

2176. 

5,6 

.88 

288, 

576, 

.25 

1,05 

t 08, 

,67 

29. 

39, 1 

bUO, 

1 jsa. 

15,00 

2176. 

5,8 

.82 

257, 

599. 

.25 

1.05 

1 10, 

.99 

27, 

80, , 

ofeO , 

1 1«8. 

15,00 

21 7b. 

5.3 

.81 

2bb, 

920, 

.25 

1,06 

1 12, 

.70 

27. 

81. . 

bPO, 

t??4. 

15,00 

2176. 

5.1 

.80 

275. 

981, 

.25 

1,06 

118. 

.71 

2«. 

81. : 

7rtO, 

i 280, 

15,00 

2176. 

8.9 

.38 

288. 

662, 

.25 

1 ,06 

119. 

.72 

28. 

82, ; 

7?0, 

1206, 

15,00 

2176. 

8,8 

.38 

2*»8, 

688, 

.25 

1,06 

118, 

.73 

29, 

83, : 

fun. 

1 3 52 , 

15,00 

2176. 

8.7 

.37 

303. 

70S, 

.25 

1,07 

120, 

.75 

29, 

83. 

7h0, 

1 Jo8, 

15,00 

2170. 

8,6 

.36 

312, 

727, 

.29 

1,07 

122, 

.79 

30, 

88, ' 

7f«0, 

laOa, 

15,00 

2170. 

8.5 

.35 

321. 

788, 

.26 

1,07 

128. 

.77 

30, 

85, ; 

«oo. 

14 8 0, 

15.00 

2176. 

8.8 

.38 

330, 

769, 

.29 

1,08 

126, 

.79 

31 , 

85. 

«P0, 

187b, 

15.00 

2176. 

8.2 

.33 

380. 

791. 

.29 

1,08 

128, 

,80 

it. 

86, ' 

ft'iO, 

1S12. 

15,00 

2176. 

8,1 

.32 

389 

813. 

.29 

l,(>8 

130, 

.81 

32. 

87, ; 



15,00 

2l7o, 

8,0 

.31 

158. 

838, 

.29 

1,09 

133. 

.83 

32. 

86, 

ft«o. 

H8<4, 

1 5, UO 

2176. 

5.9 

.31 

368, 

«59, 

.26 

1,09 

135, 

.68 

33. 

88, i 

Ron , 

1 o20 , 

15.00 

2176. 


.30 

377, 

878, 

.29 

1,09 

137, 

.85 

33. 

89. ' 

*>20, 

1 b^b. 

15.00 

2176. 

3.8 

,29 

387. 

900, 

.29 

1,09 

139, 

.87 

33. 

50, 

“’dO, 

lbR2, 

15,00 

2170. 

i.T 

.29 

396. 

922. 

.29 

1,10 

1«l . 

,68 

38, 

51, 

00), 

1728. 

15,00 

2170, 

3.6 

.28 

805. 

988, 

.29 

1.10 

183, 

,89 

38. 

51. 

0«(/, 

1 788, 

15,00 

2170. 

3,5 

.28 

815. 

966, 

,29 

1,10 

185, 

.91 

35, 

52, 

1 00 1), 

H 0 n , 

15, yO 

2170. 

3,5 

,27 

8?8, 

988, 

.26 

1,10 

187, 

.92 

35. 

53. 
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TABLF VI (cont. 


DENSITY TMThALPY 


THERMAL 

CP cdi^ouctiviiy vTsrosiTv 


K 

P M P4 

LH 

IB 


HTU 



•SU IM 

C M 

C(. 

1 H 

100. 

1«0, 20.00 

296 1 . 

71,0 

5,52 

• (ID ^ 

1?0, 

216, 20.00 

2901, 

65, « 

5,09 

•32. 

lao. 

252. 20,00 

2901. 

59.5 

9,61 

•1 7, 

160. 

2«5, 20,00 

2901 , 

52,5 

9,07 

-2. 

100. 

52«, 20.00 

2901 , 

99,5 

5,95 

15, 

200, 

560, 20,00 

2901, 

56.1 

2.B1 

55, 

220. 

596, 20,00 

2901 . 

29.5 

2,28 

09. 

200. 

952, 20,00 

2961 . 

29, a 

1,90 

89. 

260. 

96«, 20.00 

290 1. 

21.1 

1,69 

77, 

2«0, 

509, 20.00 

2901 . 

18,7 

1.95 


500, 

590, 20.00 

2901. 

16,9 

1.31 


520, 

576, 20,00 

290 r. 

15,9 

1,20 

109, 

5«0, 

612, 20,00 

2901 . 

19.2 

1.11 

120. 

560, 

696, 20,66 

2901. 

15.5 

1 ,o« 

150. 

5»»o, 

669, 20,00 

2961 . 

12.5 

.*77 

159. 

aoo. 

720, 20,00 

2901. 

11,6 

,90 

198, 

«?0, 

756, 20,00 

2901. 

11. 0 

.86 

157, 

auo. 

792, 20,00 

2901. 

10,5 

.7^2 

167, 

«60, 

825, 20,00 

290 r. 

10,0 

.78 

176. 

««0, 

669, 20,00 

2901, 

9.5 

.79 

185, 

500, 

900, 20,00 

2901 , 

9.1 

.71 

194, 

520, 

956, 20,00 

2901. 

8,6 

,68 

205, 

5«0, 

972, 20,00 

2901. 

8,5 

.66 

212, 

560, 

1008, 20,00 

2901. 

8.2 

.69 

221 , 

56o , 

1099, 20,00 

2901. 

7.9 

,61 

250, 

660, 

ln6o. 20,00 

290 r. 

7.5 

.59 

259. 

620. 

1116. 20.00 

2901, 

7.5 

.57 

208, 

66 0, 

1152, 20,00 

2901. 

7.1 

.55 

257. 

660, 

1150, 20.00 

2901. 

6.9 

.59 

266, 

6«0, 

1229. 20,00 

2901 

6.7 

.52 

275, 

Too, 

1260, 20,00 

2901. 

6,5 

.50 

285. 

T20. 

1296, 20.00 

2601. 

6,5 

.99 

2««, 

7«o, 

1552, 20.00 

2901. 

6.2 

.48 

505. 

760, 

1560, 20,00 

2901. 

6.0 

.97 

512. 

7^0, 

1909. 20,00 

2901. 

5,9 

.96 

322, 

500, 

1990, 20,00 

?901 , 

5.7 

.95 

551, 

«20, 

I97ti, 20,00 

2961 . 

5.6 

.95 

59 0, 

«00, 

1512, 20,06 

2901. 

5.9 

.92 

550. 

«60, 

159H, 26,00 

2901. 

5.5 

.91 

359. 

H«0, 

1559, 20,06 

2901. 

5.2 

.90 

560, 

900, 

1620, 20,00 

2901. 

5.1 

.3'’ 

378. 

9?0, 

1656, 20,00 

2901 . 

5.0 

.39 

387, 

960. 

1692, 20,00 

2901. 

9,9 

.58 

59 7, 

960, 

172«, 20,00 

2901 . 

9,8 

.37 

4«6, 

9«0, 

1769, ?0,<iO 

2901, 

9.7 

,3fe 

416, 

1006, 

IHOn, 2i(,.)6 

2901. 

9.6 

.56 

9?5. 


J 

uTi.i 

.1 

8TL 

1 M 

L H 

^ U 

KG 

LH« K 

KG»K 

t- T.&« 

m.k 

FT.S 

M • 5> 

fc-5 


L- i 


1 *6 

f *6 

t 46 

• 106, 

.39 

1 .65 

315, 

1.97 

129, 

193, 

•74, 

.39 

1,65 

?68, 

1 .67 

85. 

126, 

-40 , 

.91 

1.75 

222, 

1.39 

62, 

92, 

-4, 

.95 

1,87 

180, 

1.12 

50, 

75. 

55. 

.98 

2,02 

196, 

.91 

40, 

60, 

76, 

.98 

2,02 

123, 

.77 

32, 

48, 

114, 

.95 

l.'ll 

107, 

.67 

27, 

40, 

148. 

,38 

1 ,58 

96, 

.61 

25. 

37, 

178, 


l.'M 

92. 

.58 

25, 

35. 

205, 

.*1 

1,50 

89. 

.56 

25. 

39, 

250, 

.29 

1.21 

88, 

.55 

22, 

33, 

259. 

.27 

1.15 

88, 

.55 

22. 

33, 

279. 

.27 

1.19 

80, 

.55 

25, 

59, 

502, 

.2? 

1.12 

87. 

.59 

25. 

39, 

329, 

.26 

1,10 

88, 

.55 

25, 

39, 

5u5, 

.26 

1,08 

89. 

.56 

25, 

35. 

367, 

.25 

1,07 

91, 

.56 

29. 

35, 

588, 

.25 

1.06 

93, 

,58 

29. 

36, 

909, 

.25 

1 ,06 

95. 

.59 

29, 

36, 

950 , 

.25 

1.05 

96. 

,60 

25, 

37. 

951, 

.25 

1.05 

98. 

.61 

25, 

5 7, 

9 72, 

.25 

1,05 

1 00, 

.65 

25, 

38, 

993, 

.25 

1,05 

102, 

,64 

26, 

38. 

Sl4. 

,25 

1,05 

109, 

.65 

26, 

39, 

555, 

.25 

1,06 

1 06, 

,66 

26, 

59, 

556, 

.25 

1 ,06 

1 08, 

.67 

27, 

40, 

578, 

.25 

1 , 06 

110, 

.69 

27, 

90, 

599, 

.25 

1,06 

112, 

,70 

28, 

91, 

620, 

.25 

1,06 

119. 

.71 

2«, 

92. 

691 , 

.25 

1,07 

115. 

,7? 

28, 

92, 

663, 

.25 

1 ,07 

117. 

.73 

29, 

95. 

6«U, 

.25 

1.07 

119. 

.79 

29, 

99. 

706, 

.25 

1 ,o7 

121. 

.76 

50, 

44. 

727, 

.25 

1.07 

123. 

,77 

50, 

95. 

7«9, 

,25 

1.07 

125. 

,78 

31 , 

90, 

770. 

.25 

1,06 

127. 

.79 

31 , 

40. 

792. 

.25 

1 , 06 

129, 

,80 

32, 

97, 

814, 

.25 

1,06 

151 . 

.82 

32, 

46, 

856, 

.25 

1.07 

133. 

.85 

53, 

48, 

857, 

.26 

1.08 

135. 

.89 

35, 

99, 

879, 

.26 

1,08 

138, 

,86 

33, 

50, 

961, 

.26 

1,09 

190, 

,87 

39, 

50, 

‘>25, 

.26 

1,10 

192, 

,88 

59, 

51. 

9u5, 

.26 

1,10 

1 94, 

.90 

35, 

52, 

967, 

.26 

1 .11 

1 46, 

.91 

35, 

52. 

990, 

,26 

1.11 

1 98, 

,92 

56, 

53. 
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TABLE VI 


Tf-wPFHATUPr 

PRFSS-Jwt DENSITY 

H R 

MP 4 L 4 ( _ H L> 


S'O IM C FT CC 


100, 

l»^o. 

25,00 

3626. 

71.6 

5,57 

'?0. 

PI 6, 

25,00 

3626. 

66,3 

5,16 

IMO. 


25,00 

3626. 

60.7 

4.72 

i SO, 

2»H. 

25.00 

3626. 

54,4 

4,24 

i AO. 

32*/. 

25.00 

3626. 

«7,7 

3,71 

200, 

5fe(), 

25,00 

3626, 

4 0,9 

3.1A 

2?0, 

590, 

25.00 

3626. 

34,6 

2,69 

2U0. 


25.00 

3626. 

29,6 

2,31 

2h0, 


25,00 

3626. 

25, H 

2, Cl 

2A0, 

SOO, 

25,00 

3626, 

?i,0 

1.79 

500, 

S«0, 

25.00 

3626. 

<0,7 

1.91 

i?0. 

S?6, 

25.00 

3626. 

19,0 

1 ,4A 

5«0. 

612. 

25.00 

3626. 

17,4 

1 ,36 

5A0, 

6«A. 

25.00 

3626. 

16,4 

1.27 

4A0, 

6Au, 

25,0 0 

3626. 

15,3 

1.19 

«00, 

720, 

25,00 

3626. 

14,2 

1.11 

"?o. 

7S6, 

25,00 

3626. 

15, S 

1,05 

«<J0, 

792. 

25,00 

3626. 

12. fl 

1.00 

uf»n , 

A?H, 

25.00 

3626. 

U.2 

.95 

UBO, 

66.4, 

25.00 

3626, 

1 1.7 

.91 

Soo , 

900, 

25.0 0 

-3626, 

1 1 .2 

.67 

5?0. 

9 56, 

25,00 

3626, 

1 0,H 

,64 

S/JO. 

972. 

25,00 

3626. 

10,4 

.61 

S^)0, 

) OOH, 

25. 0" 

3b?b, 

10,0 


SAO, 

10««, 

25,00 

3626. 

9.7 

.75 

600, 

1 r,Au, 

25.00 

3620. 

9.3 

.72 

♦>?0, 

1116. 

25,00 

3626. 

9.0 

.70 

6'JO, 

llS2. 

25,00 

3626. 

rt.7 

.68 

6A0, 

ll^'l’. 

25,00 

3626. 

6.5 

.66 

PA(), 

122«, 

25,00 

3t>26. 

6,2 

.64 

Too, 

1260. 

25,0 0 

3626, 

6,0 

.92 

T?0, 

1296, 

25,00 

3e26 . 

7.6 

.60 

7 'JO, 

1 552. 

25.00 

36 2 6, 

7.6 

.59 

7h0, 

1 36«, 

25. UO 

36 2 6, 

7.4 

,5a 

7A0, 

1 'J 0 0 , 

25.00 

3626. 

7.2 

,56 

AOO, 

1 400. 

25,0 0 

3626, 

7.0 

,55 

f'PO, 

1476, 

25.00 

3626. 

6.9 

.^>3 

Aao, 

1S12. 

25,00 

3626, 

6,7 

.^2 

A#*0, 

1S46, 

25,00 

3626 , 

6,5 

.^1 

/'AO, 

1SA«, 

25,00 

^626. 

6,4 

,50 

ROO, 

1620, 

25.00 

3626, 

6.3 

,49 

‘7?0. 

1 656, 

25,00 

.3626, 

6,1 

.4A 

RflO, 

1692, 

25,0 0 

3626, 

6,0 

.97 

960, 

1 7?A, 

25.00 

3626. 

5.9 

.46 

‘/AO. 

1 76u, 

25,00 

3626. 

5.6 

.9*5 

00 0, 

1 MOO, 

25 , 0 0 

5626, 

5.6 

.44 


(cont. ) ,/ 

THERMAL ; 

FMThaLPY r.P CUNDUCTIVITV VISCOSITY i 


MTU 


tiTU 

J 

BTIJ 

1 w 

LH 

KG 

l 5 

KG 

LB«K 

Kfi» K 

F T*S« 

mTIT 

FT* S 

M » S 


L-3 


t-3 


t-6 

FF6 

fci6 

• 44, 

-104, 

.39 

1 ,6l 

521. 

2,00 

137, 

204, 

-31. 

-71, 

.39 

1.62 

276, 

1.7? 

90, 

134, 

••1b, 

-36. 

,40 

1 ,68 

232. 

1.45 

66, 

90, 

-2. 

-9, 

.42 

1,76 

193. 

1.20 

54. 

60, 

14. 

32, 

,44 

1 ,83 

160, 

1,00 

44. 

66. 

29. 

69. 

.44 

1,64 

137, 

,86 

37, 

55. 

95, 

105, 

,42 

1.75 

121. 

.75 

32. 

47, 

S9. 

138. 

.38 

1 ,60 

110, 

,68 

20. 

42. 

73. 

169, 

.35 

1.46 

103, 

.64 

26. 

39. 

"5. 

197, 

.32 

1,35 

99, 

.62 

25. 

36, 

96. 

223. 

.30 

1.86 

97. 

,60 

25. 

37. 

106, 

297, 

,28 

1.19 

96. 

,60 

24, 

36, 

Itfl. 

274, 

.28 

1.17 

95, 

.59 

24. 

36, 

127. 

297. 

.27 

1.15 

94. 

.58 

25. 

36, 

157. 

319. 

.87 

1.18 

94, 

.59 

25. 

37. 

197, 

342, 

.26 

1,10 

95. 

.59 

25. 

37, 

156, 

363, 

.26 

1,09 

96, 

.60 

25. 

37. 

165, 

3A5, 

.26 

1.00 

98. 

.61 

25, 

36, 

175. 

«07 , 

.26 

1,08 

99, 

.6? 

26. 

38. 

1 A 4, 

428. 

.26 

1.07 

toi , 

.63 

26, 

iS. 

193, 

«49, 

,85 

1,07 

102, 

.64 

26. 

39, 

202. 

971, 

,85 

1.97 

104, 

.65 

27. 

39, 

211. 

492, 

.25 

1.07 

106, 

,66 

27, 

40, 

221. 

^>13. 

.25 

1.07 

107, 

.67 

27. 

41. 

230. 

?>35, 

.25 

1.07 

109, 

,68 

20. 

41. 

239, 

556, 

.25 

1.07 

til. 

.69 

20. 

41, 

248. 

577, 

.25 

1,07 

112. 

.70 

28. 

42. 

257. 

599, 

.26 

1,07 

114, 

.71 

29. 

43. 

26*. 

620, 

.26 

1,07 

116, 

.72 

29, 

43. 

276. 

642, 

.26 

1,07 

117. 

.73 

29. 

44, 

285. 

663, 

.26 

1,08 

119. 

.74 

30, 

44, 

294, 

6A5, 

.86 

1,07 

121. 

.75 

30. 

45, 

303, 

706, 

.26 

1,07 

123. 

.76 

31. 

46, 

313. 

728, 

.86 

1,07 

124, 

.78 

31. 

46, 

322, 

750. 

.25 

1,07 

126, 

.79 

31. 

47. 

331 , 

771, 

.85 

1,07 

128, 

,80 

32, 

47. 

391. 

793. 

,85 

1,06 

130, 

.81 

32. 

46. 


8l5, 

.85 

1.06 

132, 

,82 

33. 

49. 

.360, 

837, 

.25 

1,07 

134. 

, 14 

33. 

49. 

369^ 

859, 

.29 

1,08 

1 36, 

,65 

33. 

50, 

378. 

881, 

,86 

1.09 

138, 

,86 

34, 

SO. 

3A8, 

903, 

,26 

1,09 

140, 

,87 

34. 

51. 

397, 

925, 


1,10 

142, 

.69 

35, 

52. 

407, 

947, 

„ ' 

1,11 

144. 

.90 

35, 

52. 

416, 

969. 


1,11 

1«6. 

.91 

35, 

53, 

426. 

991, 

f » 

i.n 

146. 

.92 

36. 

53, 






ot 


61 


I ! 


1 , 


j i 


'1 i \ 


TABLE VI (cont ) 


TEMPtPMliRF PRFSS'iRt 


DENSITY 


P ^ THAL^’Y 


THERMAL 

CR CCi ' JDI'CTIVITY visriisiTv 


M PA tH Jl 

S.’ IM C M ft 


j Htu .J BTU Lh ||_G 

7(7 Ltt»f< t^G‘H F T*S« FT«S M*S 

t»3 t"J t*6 I *6 


100 , 

1 ? 0 , 

IPO , 

160 , 

1 * 0 , 

200 , 

2 ? 0 , 

2 « 0 , 

260 , 

2 * 0 , 

JOO, 

320 . 

3P0 , 

360 . 

3 * 0 , 

« 00 , 

4 ? 0 . 

ttOO, 


t * 0 , 30,00 
? 16 , 30.00 


252 . 

2*H. 

3 ?«. 

3b0 . 

432 . 

466 . 

504 , 


30.00 

30.00 

50.00 

50.00 

30.00 

30.00 

30.00 


0 351 . 
4351 . 
4351 . 
4351 . 
4351 . 
4351 , 
4351 , 
4351 . 
4351 . 


504 , 30.00 4351 . 
540 , 50,00 4351 . 
576 , 50.00 4351 . 
612 , 30,00 4351 , 
646 , 30,00 4351 . 
6 « 4 . 30,00 4351 . 
720 , 30,00 4351 , 
756 , 30,00 4351 . 
792 , 50,00 4351 . 


72.2 

67.1 
61 ,8 

56.2 

50.2 

44.2 

38.6 

35.6 

29.9 

? 6,6 

24.3 
22.2 
20,5 
19,2 
16.0 

16.7 

15.9 
15.1 


1 

I 460 , 

828 , 

30,00 

4351 . 

14,4 

1 

1 4 * 0 , 

864 , 

50,00 

4351 . 

13.7 

i 

i 500 , 

900 . 

30,00 

4 351 . 

13.1 

1 

520 . 

936 , 

30,00 

4351 . 

12.7 


540 , 

972 , 

30,00 

4351 . 

12.3 


560 . 

1008 , 

30.00 

4351 . 

11.8 

■] 

580 , 

1044 , 

30,00 

4351 . 

11.4 


OOO , 

1080 , 

30,00 

4351 , 

1 1.0 

J 

620 , 

1116 , 

50.00 

4351 , 

10,6 


640 , 

1152 , 

30,00 

4351 . 

10,3 


*> 60 , 

11 * 8 . 

30,00 

4351 . 

10,0 


6 * 0 , 

1224 , 

30,00 

4351 , 

9.7 

! 

700 , 

1260 . 

30.00 

4351 . 

9.4 

; 

7 ? 0 , 

1296 . 

30,00 

4151 . 

9.2 


740 , 

1332 . 

30,00 

4351 . 

9.0 

;i 

760 , 

1368 , 

30,00 

4351 , 

8.7 

1 

780 , 

1404 , 

30,00 

4351 , 

6.5 


800 , 

1440 . 

30.00 

4351 . 

6.3 

h 

620 . 

1476 . 

30,00 

4351 . 

8.1 


840 , 

1512 . 

30,00 

43M . 

7.9 


860 . 

15 «*. 

30,00 

4351 , 

7.7 

*' } 

680 , 

1584 , 

30.00 

4351 . 

7.6 


900 , 

1620 , 

30,00 

4351 , 

7.4 


920 , 

1656 , 

30,00 

4351 '. 

7.2 

.1 '-I 

940 , 

1692 , 

30,00 

4351 , 

7.1 


960 , 

1728 , 

30.00 

4351 . 

6.9 

& 

9 * 0 - 

1764 , 

30,00 

4351 . 

6,8 

% 

1000 , 

1800 , 

30,00 

4351 . 

6.7 


5.62 
5,22 

4.61 

4,37 

3.91 

5.44 

3.00 

2.63 
2.33 
2.06 
1.89 
1.73 
1.59 
1.50 
1.40 
1.30 
1.24 
1.18 
1.12 
1 . 0 ? 
1,02 

,99 

,95 

.’2 

.89 

,85 

.60 

.^5 

.71 

.70 

.68 

.66 

.95 

.63 

.91 

.60 

.59 

.58 

.56 

.55 

.54 

.53 

.52 


• 43 ,- 

^ 16 , 

13 . 
28 . 
43 . 
*^ 7 . 
70 . 
62 . 
93 . 
104 , 
119 . 
129 . 
1X6 , 
146 . 
155 , 
165 , 
179 . 
163 . 
193 . 
? 02 . 
211 . 
220 . 
230 . 
239 . 
248 . 
2 *^ 7 , 
267 , 
276 , 
2 * 5 , 
295 . 
304 , 
513 . 
325 , 
332 
341 , 

351 . 

560 , 

370 . 

379 . 

3 * 9 . 

368 , 

408 , 
417 . 
427 . 


101 , 

•69 p 

• 37 , 

- 4 , 

31 . 
65 , 
99 , 
132 . 
162 , 
191 , 
217 , 
242 . 
269 , 
263 , 
316 , 
339 , 
361 . 
3 * 3 , 
405 , 
927 . 
448 , 
470 , 
461 , 

513 , 
534 . 
556 , 
577 , 
599 , 
621 , 
642 , 
4 > 64 , 
6*h , 
707 , 
729 , 
751 , 
773 , 
795 , 
617 , 
639 , 
861 . 
683 , 
905 . 
9 ?/, 
949 , 
971 , 

994 , 


1,60 

1.59 

1.65 
1,68 
1.73 
1.72 

1.66 
1.59 
1,40 
1,38 
1.29 
1,22 
1.20 
1.17 
1,15 
1.12 

1.11 

1.10 

1,09 

1,09 

1.08 

1,08 

1,08 

1,08 

1,08 

1.08 
1 ,"8 

1 ,08 

1,08 

1 ,06 

1,08 

1 ,08 

1,06 

1,06 
1,06 
J ,08 

1,08 

1,08 

1,09 

1.09 

1.10 

1,10 

1.11 

1.11 

1.11 

I . J2 


327 . 

263 . 

241 , 

204 , 

173 , 

149 , 

132 , 
120 , 
113 . 
108 , 
105 , 
103 , 
102 , 

99 , 

99 . 

99 , 

100 , 

102 , 

103 , 

105 . 

106 , 
107 , 

1 09 , 
110 , 
112 , 
113 . 
115 , 
1 16 , 
118 , 
120 , 
121 . 

123 , 

124 , 
126 , 
127 . 
129 , 
131 . 

133 . 
155 , 
137 , 
139 . 

141 , 

145 . 

145 , 

146 , 
148 , 


2.04 

1.77 

1.51 

1.27 

1,08 

.93 

,82 

.75 

.70 

.67 

.65 

,64 

,65 

.62 

,62 

,62 

,63 

,63 

,64 

,65 

,66 

.67 

,68 

.69 

.70 

,71 

.72 

.73 

.74 

.75 

,76 

.76 

.77 

.76 

.79 

.61 

,62 

.83 

.64 

,86 

,87 

,88 

,69 

.90 

,91 

.92 


1 « 5 . 

95 . 

70 , 

56 , 

46 . 

41 , 

35 , 

32 , 

29 . 

28 . 

27 , 

26 . 

26 , 

26 . 

26 . 

26 , 

26 . 

27 , 

27 , 

27 . 

27 , 

28 . 
28 . 
28 , 
29 , 
29 . 

29 . 

30 . 
30 , 

30 . 

31 . 

31 . 
31 . 

32 , 

32 , 
52 . 

33 , 
33 , 

33 , 

34 . 

34 . 

35 . 
35 . 

35 , 

36 . 
38 . 


216 , 

142 , 

10 «, 

84 . 

71 . 

53 , 

47 , 

44 , 

41 , 

40 . 

39 , 

39 , 

39 , 

39 , 
59 , 
59 , 

40 , 
40 , 

40 , 

41 , 

41 , 

42 . 

42 , 

43 . 

43 , 

44 , 

44 , 

45 , 

45 . 

46 . 

40, 

47 . 

47 . 

48 . 
46 , 

49 . 

49 , 

50 , 

50 . 

51 . 

51 . 

52 . 

52 . 

53 , 
53 , 




table VI (cont.^ 
UMPfcMTi/PF PkFSSUPL DENSITY rwTt 


PwTmaLPV 


THERMAL j 

CP CUNOHCTIVITV viscosity 


" L H t H 

S '■) I \ C P T 


1 no, 
1 ?o, 
1 < 10 . 
!#>'), 
1 «0 , 
r'on, 

enn, 
-^60 , 
^R0. 
^no . 
ii?0, 
5«n , 

, 


l«n, 

?««. 

iPii, 

~ihO, 

'^5?. 

<i ft , 

•soa, 

suo. 

*^Tb. 

hi?, 

b«H, 


380 , 

hBtl , 

“00, 

720. 

“20. 

75ft, 

040, 

79?. 

Oft'^ , 

‘■'28, 

480 , 

864 , 

50 0, 

'’00, 

S20 , 

93ft, 

54 0 , 

472. 

ShO , 

1008, 

58 0 , 

1 n 'J 4 , 

hOO , 

1 (- 8 0 , 

620, 

me. 

640 , 

1152. 

66 0, 

11*1. 

68 0 , 

1??0, 

7on, 

1260. 

7?0. 

1296, 

7 '1 0 , 

1 332. 

7ftO , 

1 .3ftft, 

780, 

1 0 0 0 , 

8nn, 

1 4O0 , 

820, 

1 07b. 

84 0, 

1SI2, 

8ft 0, 

1 soft. 


ISH 4 , Sa,u7 
1ft?0, ^'4,U7 

Ift'^ft, VI, U7 
I 0 P?, ^44,^7 

1 ^ft«, ^/4,07 
1WII0, V4,a7 


34, '47 
. 34, '47 
. 3«,a7 

. 3'4,47 

. 3«,4i7 
. ■SU,<47 

, 34,07 

. 34,07 
. 34,4 7 

. 34.47 

. 34,47 

. 34.07 

, 34,47 

, 34,47 

> 3u,4; 

, 34,47 

34.47 

34.47 

3 '4 , 4 7 

34.47 

30.47 

34.47 
34,4 7 
3'I,47 ' 

34.47 ( 

30.47 I 

34.47 ' 

34,47 
34,47 V 

34.47 t 

34.47 'J 

34.47 'J 

34.47 'J 
34,47 4 

34,47 4 
34,47 4 
34,07 0 
34,47 4 

3 4,0 7 4 

34,47 4 
3 '4 , 4 7 4 
3 4 , o 7 4 ' 
3 4,47 O' 
3 4.47 O' 


_i ±_ RTL' M I H HG 

KO Lyp KG*K rT-s4J m.k fT^s 1^7^ 
^-5 L-ft f* 6 t+b 


17 4'?<»0 
17 4 44 0 

17 'iOOO 

7 0'34'7^ 
7 4<744^ 
7 og-jv] 
7 o'jgg^ 
7 oggg] 

7 jggg, 
7 oggg] 

7 oggg] 
7 oggg^ 

7 4040^ 

r 4440] 
r ogg'j] 
r 4444^ 
r 4444, 

' 4444'^ 

' 4444* 

' 4444^ 
4444| 

4444^ 
4444I 
4444 I 

4444 I 
4444 \ 

0444] 

4444] 
0444 * 
4004 

'4444] 

(J 4 4 4 I 
'J444 
4 44'^* 
4444 ] 

4444 I 
0444] 

4444 ^ 

0444] 

4444] 

4444] 

'J444| 

0 '1 4 4 [ 

0 444] 
4444] 

'J444 * 


. y?,7 

. ft?, 7 
. S7.5 
, *>^,0 
, Ob, 6 
, 01,4 
3ft, 8 
3?, 4 
24,7 
-?7.l 

? 0,4 

?3,0 

P\,7 

20.3 
I 0,4 
18,0 

17.0 
1 ft , 2 
1S.S 
1 4 ,R 

10.3 

15.9 
1 3.0 

12.9 

12.0 
12, n 
11.7 

11.3 
11,0 
10,6 

10.4 
10.1 


•j.feft v> 42, 
b,2R .24, 


’ ^,^8 - IS . 
4.07 . ! , 

13. 

1. fc? ?7. 

41. 

2. t»7 *;b. 

2,bft ft8, 
2,-31 BO, 
^.11 «2. 
1.94 lOi, 
1,74 114^ 
1.ft« 1?S, 
1,5ft 135, 
1,«7 145. 
1.4ft ISO, 
1.53 IftO, 
1.2ft 173. 
1.21 1P3, 
1.15 142. 
1.1? 202. 
I, OB 211, 

1 ,00 2?o, 
1,00 330, 
.9ft 234, 
,40 208 ' 

.91 2sb; , 
,*1H 2ft7, ( 
.♦"b 276, ( 
.♦'3 286, « 
.81 2ftS, t 
.74 3no 1 
. 77 31 0, ■; 
.75 323. 7 
.75 532, 7 
.72 302, / 
, 7n 3S1 , H 
,ft8 5ftl, 8 
,67 370, 8 
,ftS 3B0^ b 
,»iO JB4, 4 
,63 304 ] 4 
,6J 4f>4* 4 

,ftO 018, 4 
,54 428, 4' 


?. -98. 
>. -67, 
'. -35, 
. -3. 

'. 30, 

. 60, 

. 4ft, 

. 1 ?«. 

. 1S8. 

, 186 , 

. 213, 

. 239, 

. ?ftb, 

. 240, 

. 3)3. 

. 336. 

. 5S9, 

. 581, 

. 000 , 

. "26. 

, B07, 

, «69, 

«91, 

515. 

530, 
5Sft , 
578. 
600 , 
t>21, 

t-03, 
665 , 
687, 
708, 
730. 
752. 
770, 
746, 
818, 
840, 
«62, 
884, 
907, 
9?4, 
951. 

973, 

946, 


, ,38 

,38 
.59 
.39 
,00 
.59 
.57 
.90 
.50 
.50 
.51 
.29 
.29 
.29 
.28 
.27 
.27 
.27 
.26 
.26 
.26 
.26 
.26 
.26 
,26 
,26 
.26 
.26 
.26 ] 
,26 1 
.26 1 
,26 1 
,2ft 1 
, 2ft 1 
,26 1 
.26 1 
.26 1 
,26 1 
,26 1 
.26 1 
,26 1 
.26 1 
.27 1 
.27 1 
.27 1 
.27 


i8 1,59 

8 1,57 

9 1,63 
9 1,63 
0 1,69 
9 1,63 
7 i,55 
0 1 ,64 

0 1,05 

0 1,04 

1 1,29 
’ 1,23 
» 1,22 
»' 1,19 
* !,17 
' 1,10 
' 1.13 

' Ml 
> l.ll 
' 1.10 
1,04 
1,09 
1,04 
1,09 
1,09 

1.08 

1.09 
1,09 

1.09 1 

1.09 1 

1.09 1 

1.09 1 

1.09 1 

1.09 I 

1.09 1 

1.10 1 

i.m 1 

1.10 1 

MO t 

1.10 1 
1.11 1 
Ml 1 
Ml 1 
M2 V 

1,12 V 
1.1? V 


i9 332, 
'7 289, 
3 209, 
i 215, 
9 182, 
3 158, 
5 101, 
9 130, 
5 121, 

0 115, 
9 112, 
5 109, 
? 107, 

7 102 , 

7 to?, 

1 102, 

1 105, 

105. 

106 , 

I 107, 

' 109, 

no, 

lit. 

113, 

no. 

1 16, 
117. 

119. 

120 , 
121 . 
121 , 
120 . 
126 , 
127. 
129, 
151, 
132. 
150. 
156, 
158. 

1 on, 
tot , 
193. 
195. 
107, 

1 08, 


2,07 

152 

. 226, 

1,80 

10ft, 

. 199. 

1.55 

73, 

, 109. 

1.33 

59, 

, 88, 

1.19 

51, 

. 75, 

.99 

00. 

, 65, 

,88 

5fl. 

. 57. 

.HI 

55. 

51, 

.75 

52. 

97, 

.72 

30. 

95. 

.70 

29. 

95. 

.68 

28, 

92, 

.67 

28. 

91, 

.60 

28. 

91. 

.60 

2*. 

01, 

.60 

28. 

"1. 

.65 

2*. 

92. 

.65 

28. 

92. 

.66 

28. 

02, 

.67 

28. 

"2. 

,68 

29, 

95. 

.64 

29. 

95. 

.69 

29. 

95. 

.70 

29. 

95. 

.71 

29. 

90, 

.72 

30, 

00, 

.73 

30. 

95, 

.70 

50, 

95, 

.75 

30, 

95. 

.76 

31. 

96, 

.77 

51. 

06, 

.77 

31. 

9 7. 

.78 

52, 

97, 

.79 

32. 

97, 

.80 

52, 

98. 

.81 

32. 

98, 

.83 

55. 

99, 

,84 

33. 

99, 

.85 

50. 

50. 

,86 

59. 

50, 

.87 

59. 

51. 

,88 

55. 

52. 

.89 

35. 

52, 

.90 

55. 

55. 

.91 

56, 

55, 

.92 

36. 

50. 
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in Table VII. Thif l Jst'^includes^da^^^ correlation are listed 

the previous Aerojet work bv m-? "^owell Ref. 2 ), and 

obtained during tl.is investina??on Po^ daia 

data obtained by Rousar and Miller’are Ms/pH 

No. 82 and continuing through Card No with Card 

last. ^ No. 212; and the new data are listed 
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Table VIII is a listing of the heat transfer parameter: 


pV 
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I + 


2 

l/d 


Calculated from the recommended correlating equation: 


t. 

pV 



.6 


.0025 (— ) 


<V^b> <r> 

w 


■ 1/2 



For wall temperatures from 100 K to 1000 K (180 R to 1800 R), bulk tempera- 
tures from 80 K to 400 K (144 R to 720 R), and pressures from the 5.04 M"' 
(730 psia) to 34.47 MPa (5000 psia). These tables are intended to aid 
rocket engine designers who may not have access to the computer routines 
necessary to solve the above equation. 
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Cp 

cp 
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k 
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ifi = 

Nu 

P 

Pr 

Q 

Re 

UL 

V 

y = 

p 

Subscripts: 

b 

cr = 

in 

nf 

nh 

out 

ref 

w = 

f 


Constant pressure specific heat, J/(Kg’K) 

Integrated average specific heat from Tw to Tb 

Inside tube diameter, m 

Heat transfer coefficient, w/(m -K) 

Thermal conductivity, w/(m*K) 

Heated tube length, in. 

Length from start of heated tube to each temperature mt^ .ement 
station, m 

Mass flow rate. Kg/s 
Nusselt Number (Nu = hd/K) 

Local static pressure, MPa 
Prandtl Number (Pr = Cpp/K) 

Heat 

Reynold's Number (Re = (idV/p) 

Length of unheated inlet portion of test section, m 
Fluid velocity, m/s 
Dynamic viscosity, Kg/(m-s) 

Density, Kg/m^ 

2 

Heat flux, w/m 

Evaluated at bulk temperature 

Critical 

Inlet 

No flow through test section 
No heat applied to test section 
Outlet 
Reference 

Evaluated at wall temperature 
Evaluated at film temperature 


C|v 

0 

97 






not Fit 


